Withaferin-A (WA) has anti-oxidant activities however, its therapeutic potential in acetaminophen (APAP) hepatotoxicity is unknown. We performed a proof-of-concept study to assess the therapeutic potential of WA in a mouse model that mimics APAP-induced liver injury (AILI) in humans. Overnight fasted C57BL/6NTac (5-6 wk. old) male mice received 200 mg/kg APAP intraperitoneally (i.p.). After 1 h mice were treated with 40 mg/kg WA or vehicle i.p., and euthanized 4 and 16 h later; their livers were harvested and serum collected for analysis. At 4 h, compared to vehicle-treated mice, WA-treated mice had reduced serum ALT levels, hepatocyte necrosis and intrahepatic hemorrhage. All APAP-treated mice had reduced hepatic glutathione (GSH) levels however, reduction in GSH was lower in WA-treated when compared to vehicletreated mice. Compared to vehicle-treated mice, livers from WA-treated mice had reduced APAPinduced JNK activation, mitochondrial Bax translocation, and nitrotyrosine generation. Compared to vehicle-treated mice, WA-treated mice had increased hepatic up-regulation of Nrf2, Gclc and Nqo1, and down-regulation of Il-6 and Il-1β. The hepatoprotective effect of WA persisted at 16 h.
Introduction
In the United States, drug-induced acute liver injury is a major cause for liver transplantation [1, 2] . Acetaminophen (APAP), a commonly used over-the-counter anti-pyretic and analgesic, is safe in therapeutic doses, however after an overdose, causes acute liver injury. In US, annually, APAP overdose accounts for majority of acute liver failure cases [3] , leading to thousands of emergency department visits and hospitalizations [4] . Medical therapies for AILI are limited. N-acetyl cysteine (NAC), the only FDA-approved antidote, has partial efficacy and is most effective within 8-10 h after APAP overdose [5] .
APAP ingested in therapeutic doses is metabolized by sulfation and glucuronidation; only a small fraction is metabolized via cytochrome P450 enzymes, mainly CYP2E1, to generate N-acetyl-p-benzoquinone imine (NAPQI), the toxic metabolite. NAPQI is detoxified by conjugation to glutathione (GSH) and excreted in the urine. However, APAP overdose saturates glucuronidation and sulfation pathways leading to increased generation and accumulation of NAPQI which depletes cellular GSH, binds to cellular proteins, and promotes JNK activation and peroxynitrite production, thus generating overwhelming oxidative stress that leads to hepatocyte necrosis [6, 7] .
In response to oxidative stress, the cellular machinery in the liver mounts anti-oxidant response by inducing cytoprotective enzymes. One major example of cellular defense is activation of Nrf2 (Nuclear factor (erythroid-derived 2)-like 2), a key sensor of oxidative stress [8] . Activation of Nrf2 leads to its translocation into the nuclei where it upregulates anti-oxidant response element (ARE) genes such as glutamate-cysteine ligase, catalytic subunit (Gclc) and NAD (P) H dehydrogenase, quinone 1 (Nqo1) [8] . We hypothesized that therapeutic modulation of ARE pathway by Withaferin-A (WA; 4β, 27-dihydroxy-1-oxo-5β, 6β-epoxy witha-2, 24-dienolide), a plant-derived biomolecule, is a potential strategy to treat APAP-induced acute liver injury.
WA, a steroidal lactone derived from a plant Withania somnifera, interacts with Nrf2 [9] . In experimental models of cancer, WA induces apoptosis, promotes radio-sensitization, and has anti-angiogenic effects [10] [11] [12] . A few reports indicate that WA has anti-oxidant activities [13] [14] [15] . However, the role of WA in APAP hepatotoxicity has not been assessed. We performed a proof-of-concept study to assess the effects of WA in a mouse model that mimics AILI in humans. To mimic "real-world scenario", we employed an experimental strategy of clinical importance by investigating the effect of WA after induction of AILI. In addition, we confirmed our in vivo findings by assessing the role of WA in modulating oxidative stress in hepatocytes in vitro. We found that treatment with WA reduces AILI in mice, which is associated with inhibition of necrosis signaling and up-regulation of antioxidant response. Further, WA reduced oxidative stress-induced hepatocyte necrosis in vitro.
These data indicate that WA-like compounds have therapeutic potential in alleviating AILI via modulating APAP-induced oxidative stress to reduce hepatocyte necrosis.
Materials and Methods

Experimental design and animal procedures
All studies were conducted in accordance with the Guide for Care and Use of Laboratory Animals prepared by the United States National Academy of Sciences (National Institutes of Health) and approved by the Institutional Animal Care and Use Committee (#0411005). All surgeries were performed under ketamine and xylazine anesthesia, and all efforts were made to minimize suffering. Male C57BL/6NTac mice (Taconic, Petersburg, NY) were housed under identical conditions in a pathogen-free environment with a 12:12 h light/dark cycle and free access to laboratory chow and water. Mice were acclimatized for 1 week before the study. After overnight fasting, mice (5-6 weeks old, n= 20) received 200 mg/kg APAP (Sigma-Aldrich, St. Louis, MO) i.p. and randomly separated into two groups. An hour later one group (n=10) received 40 mg/kg WA (ChromaDex Inc., Irvine, CA) (PubChem CID: 265237) and the other (n=10), vehicle (ethanol 2 μl/g) i.p. The WA dose and route of administration were selected based on previous studies [12, [16] [17] [18] . In mice, serum levels after administration of 4 mg/kg WA i.p. indicate that WA has short half-life (1.3 h) and clears rapidly (AUC o-t : 541 ng-h/ml [1.09 μM.h]) [16] . Therefore, to achieve maximal and prolonged effect on necrosis signaling-which follows GSH depletion within 2 h after APAP injection and leads to peak necrosis by 16 h in mice [19, 20] -we administered one log higher dose (40 mg/kg WA i.p.) than used previously [16] .
Mice were euthanized 4 h (n=5/group) and 16 h (n=5/group) after APAP injection; their serum was collected and livers harvested. Five additional mice, who neither received APAP nor WA or vehicle, were euthanized as no treatment controls.
Blood and tissue collection
Portions of mouse livers were stored in formalin, RNAlater (Sigma-Aldrich, St. Louis, MO), and snap frozen in liquid nitrogen for further analysis. The blood collected by cardiac puncture was centrifuged to obtain serum using microcontainer tubes (Becton Dickinson, Franklin Lakes, NJ).
Histology
Formalin-fixed paraffin-embedded liver sections were stained using Hematoxylin and Eosin (H&E). Semi-quantitative scoring system was used to assess hepatocyte necrosis and intrahepatic hemorrhage (0, none; 1, <10% of the total area; 2, <30% of the total area; 3, <50% of the total area; 4, >50% of the total area) [20] by two investigators blinded to the study.
Serum ALT
The serum ALT was determined by measuring the rate of NADH oxidation at 340 nm using ALT (SGPT) Kinetic Kit as per manufacturer's instructions (TECO Diagnostics Anaheim, CA).
Immunohistochemistry
Peroxynitrite generation was assessed by immunolocalization of nitrotyrosine adducts. Paraffin-embedded liver sections were deparaffinized with xylene and rehydrated using series of graded ethanol and water. Heat-induced antigen retrieval was carried out using citric acid buffer, and non-specific peroxidase activity was blocked by incubating sections with 2% H 2 O 2 . After washing with PBS, sections were treated with 1% bovine serum albumin (60 min) and goat serum (30 min) to block non-specific protein binding, and incubated with polyclonal rabbit anti-nitrotyrosine antibody (Millipore, Billerica, MA; dilution 1:200) overnight at 4°C in a humidified chamber. Next day, sections were washed with PBS and incubated with secondary antibody (biotinylated goat anti-rabbit IgG (H+L) antibody) for 60 min at room temperature. After carrying out avidin-biotin reaction using VECTASTAIN Elite ABC kit (Vector Laboratories, Burlingame, CA), sections were treated with diaminobenzidine (Vector Laboratories, Burlingame, CA) to visualize nitrotyrosine. Subsequently, sections were counterstained with hematoxylin (Sigma-Aldrich, St. Louis, MO), mounted using DPX (Sigma-Aldrich, St. Louis, MO) and examined under a microscope. Two investigators independently evaluated the blinded stained-sections.
Measurement of reduced glutathione and lipid peroxidation
A 10% (w/v) liver homogenate was prepared using mitochondria isolation buffer (250 mM sucrose containing 5 mM MOPS and 1 mM EDTA with 0.25 mg BSA/ml at pH 7.4) using a Polytron homogenizer (PT2100, Kinematica, Switzerland). Cellular debris were removed by centrifugation of homogenate at 650 g for 10 min (4°C). The resultant supernatant was further centrifuged at 10000 g for 10 min (4°C) to sediment mitochondrial pellet, which was washed twice with and suspended in isolation buffer, and protein content was quantified using Bradford assay (Sigma-Aldrich, St. Louis, MO). Reduced glutathione (GSH) was measured spectrophotometrically by assessing the reduction of DTNB (dithiobis-2-nitrobenzoic acid) to a yellow anion at 412 nm as described previously [20] . The GSH content was calculated as μg/mg protein using a standard GSH curve. Mitochondrial lipid peroxidation was assessed by measuring malondialdehyde (MDA) formation [20, 21] . Commercially available 1, 1, 3, 3-tetraethoxypropane (Sigma-Aldrich, St. Louis, MO) was used as a standard for calculating MDA content and expressed as MDA formed (nmoles/mg protein).
Quantitative real-time polymerase chain reaction (qPCR)
Mouse liver (100 mg) was homogenized in Trizol (Life Technologies, Grand Island, NY) using a Polytron PT2100 homogenizer. RNA was extracted, and its quantity and quality were assessed using Thermo Scientific 2000 Nanodrop Spectrophotometer (Thermo Scientific, Wilmington, DE). cDNA was prepared using iScript cDNA Synthesis Kit (BioRad, Hercules, CA) and subjected to real-time PCR. Assays were performed in 96-well PCR plates using Quantifast SYBR green PCR kit (Qiagen, Valencia, CA). The reaction volume of 25 μl contained 12.5 μl SYBR green master mix (2X), 1 μl cDNA (25 ng), 1 μl of each primer (10 pmol/μl) and 9.5 μl nuclease-free water. Primer sequences are listed in Table 1 . The following two-step thermal cycling profile was used (StepOnePlus Real-Time PCR, Life Technologies, Grand Island, NY):
Step I (cycling): 95 °C for 5 min, 95 °C for 10 s and 60 °C for 30 s for 40 cycles.
Step II (melting curve): 60 °C for 15 s, 60 °C 1 min and 95 °C for 30 s. The template amplification was confirmed by melting curve analysis. Changes in mRNA expression were assessed by ΔΔCt method.
Immunoblotting
To extract protein, liver samples were homogenized using a Polytron PT2100 homogenizer in cell lysis buffer (Cell Signaling, Danvers, MA), containing phosphatase and protease inhibitors, and quantified using Bradford reagent (Sigma-Aldrich, St. Louis, MO). Mitochondrial fractions were prepared as described previously [20] . Equal amount of protein (40 μg) from each sample was resolved on SDS-PAGE, trans-blotted onto a PVDF membrane (Bio-Rad, USA) and subjected to immunoblot assay by using primary antibodies (1:1000) for JNK, Bax and p-JNK (Cell Signaling, Danvers, MA) followed by secondary anti-rabbit horseradish peroxidase antibody (1:5000; Cell Signaling, Danvers, MA). Blots were developed with chemiluminescence reagent (Bio-Rad, Hercules, CA) using autoradiography films (Genesee Scientific, San Diego, CA). Blots were stripped using stripping buffer (Thermo Scientific, Wilmington, DE) and re-probed with goat anti-rabbit β-actin antibody (1:5000; Cell Signaling, USA) to determine equivalent loading. Scanned images of blots were used to quantify protein expression using NIH ImageJ software (http:// rsb.info.nih.gov/ij/).
Cell culture
AML12 hepatocytes (ATCC, Manassas, VA) were cultured using 1:1 mixture of Dulbecco's modified Eagle's and Ham's F12 medium (Genesee Scientific, San Diego, CA) with 0.005 mg/ml insulin, 0.005 mg/ml transferrin, 5 ng/ml selenium, 10% fetal bovine serum at 37°C with 5% CO 2 . Cells were sub-cultured (1:4-1:6) using a 0.25% (w/v) trypsin-0.53 mM EDTA solution (Genesee Scientific, San Diego, CA).
Cell viability assay
AML12 cells (6.0 × 10 3 cells/well) were treated with 1 mM H 2 O 2 and WA (0.01-1.0 μM) or vehicle (0.02% methanol) (n=4-8 for all treatment groups). After 6 h, culture media was replaced with 100 μl MTT (Sigma-Aldrich, St. Louis, MO) solution (0.5 mg/ml in culture media) and incubated at 37°C. After 2.5 h, MTT solution was discarded, all wells was washed with PBS and 150 μl DMSO was added to each well and absorbance was read at 540 nm (VersaMax Microplate Reader, Molecular Device, Sunnyvale, CA).
LDH release assay
LDH released in the cell culture media was assessed using Pierce LDH Cytotoxicity Assay Kit as per manufacturer's instruction (Thermo Scientific, Wilmington, DE). In 96-well plates, AML12 cells (6.0 × 10 3 cells/well) were maintained for 2 or 6 h in the presence of vehicle (0.02% methanol), H 2 O 2 (1 mM) plus vehicle, H 2 O 2 (1 mM) plus WA (0.01-1.0 μM), and WA alone (n=3-6 for all treatment groups). At the end of incubation, 50 μl media was mixed with 50 μl reaction mixture and incubated in dark at room temperature. After 30 min, 50 μl stop solution was added and absorbance was read at 490 and 680 nm on a VersaMax Microplate Reader (Molecular Device, Sunnyvale, CA). LDH release is presented as % cytotoxicity, which was calculated per manufacture's instruction as follows:
Compound−treated LDH activity -spontaneous LDH activity Maximum LDH activity-spontaneous LDH activity × 100. 
Measurement of intracellular ROS
Statistical analysis
All data are expressed as mean ± S.E.M. Student's t-test (normally distributed data) or the Mann-Whitney U test (nonparametric data) were used to determine significance. Analysis was performed using SigmaPlot (version 12.0; Systat Software, Inc. San Jose, CA).
Significance was defined as P < 0.05. Figure 1A illustrates our study design-see Methods section for details. Four hours after APAP overdose, compared to vehicle-treated mice, WA-treated mice had significant reduction in serum ALT levels, hepatocyte necrosis and intrahepatic hemorrhage (Fig. 1B-E ). These data indicated that after induction of APAP hepatotoxicity, treatment with WA significantly reduces hepatocyte injury.
Results
WA attenuates early APAP-induced hepatocyte injury
WA reduces APAP-induced GSH depletion
During the course of APAP hepatotoxicity, GSH depletion peaks by 4 h [22] , which contributes to oxidative stress-mediated hepatocyte necrosis. To determine the effect of WA in modulating APAP-induced oxidative stress, we assessed for changes in mitochondrial GSH content and lipid peroxidation. Four h after APAP-overdose, hepatic mitochondrial GSH levels decreased markedly. However, compared to vehicle-treated mice, livers from WA-treated mice had significantly higher GSH levels ( Fig. 2A) . APAP-treated mice had a marginal increase in hepatic lipid peroxidation, which was significantly reduced in mice that received WA (Fig. 2B ) [23] . These data indicated that treatment with WA significantly prevented APAP-induced GSH depletion in mouse livers.
WA reduces APAP-induced JNK activation
In AILI, JNK activation is a major event that follows GSH depletion [22] . Activated JNK translocates to mitochondria where it promotes peroxynitrite and H 2 O 2 generation. We observed that 4 h after APAP injection, hepatic JNK phosphorylation increased in vehicletreated mice, which was reduced in the livers of WA-treated mice (Fig. 2C-D) .
WA reduces APAP-induced mitochondrial Bax translocation
APAP overdose-mediated mitochondrial Bax translocation induces mitochondrial release of proteins that cause nuclear DNA fragmentation. Therefore, we assessed the effect of WA treatment on mitochondrial Bax translocation 4 h after APAP overdose. Western blot analysis showed that WA treatment reduced mitochondrial Bax 4 h after APAP administration ( Fig. 2E-F) .
WA reduces APAP-induced peroxynitrite formation
To determine the impact of WA treatment on peroxynitrite generation, liver sections were stained for nitrotyrosine adducts using anti-3-nitrotyrosine (3-NT) antibody. Compared to vehicle-treated mice, liver sections from WA-treated mice had reduced 3-NT staining (Fig.  3A) , indicating that treatment with WA attenuates necrosis signaling by reducing JNK activation, which attenuates peroxynitrite generation in mouse livers.
WA augments induction of cytoprotective genes
Nrf2, a key oxidative stress-sensitive transcription factor, regulates expression of cytoprotective genes. To determine if Nrf2 plays a role in WA-mediated reduction of AILI, we assessed in mouse livers harvested at 4 h, expression of Nrf2 and its downstream target genes Gclc and Nqo1; Gclc is the key enzyme involved in GSH synthesis. While the vehicletreated mice only had increased Gclc expression, WA-treated mice had a further upregulation of Gclc, as well as Nrf2 and Nqo1 (Fig. 3B-D) . These data indicate that in AILI, treatment with WA upregulates ARE genes to modulate anti-oxidant response.
WA reduces APAP-induced inflammatory response cytokines
AILI is associated with sterile inflammation, which is thought be secondary to recruitment of inflammatory cells by damage-associated molecular pattern molecules. To assess the effect of WA on generation of inflammatory cytokines, we measured hepatic expression of Il-1β, Il-6 and Tnf-α in mouse livers harvested at 4 h. Treatment with WA significantly reduced APAP-induced upregulated levels of Il-1β and Il-6 ( Figure 3E-G) . Tnf-α expression was similar in both WA-and vehicle-treated groups. These findings demonstrate that WA treatment attenuates APAP-induced inflammation in mouse livers.
WA attenuates late APAP-induced liver injury
By 16 h, WA-and vehicle-treated mice had similar serum ALT levels 1317.16 ± 453 vs. 1050.2 ± 136.8 (mean ± S.E.M.), respectively. However, the liver sections from WA-treated compared to vehicle-treated mice, demonstrated reduced necrosis ( Fig. 4A-B) . APAPinduced up-regulation of hepatic Il-1β, Il-6 and Tnf-α was also reduced in WA-treated mice ( Fig. 4C-E) . Moreover, hepatic Gclc and Nqo1 transcription remained upregulated in WAtreated mice when compared to vehicle-treated mice (Fig. 4F-G ), which were associated with increased hepatic GSH levels and reduced lipid peroxidation (Fig. 4H-I ). These data suggest that during the course of AILI, early treatment with WA renders lasting hepatoprotective effects.
WA attenuates oxidative stress-induced hepatocyte injury in vitro
To confirm the role of WA in modulating the response to oxidative stress in hepatocytes, we assessed WA's effects on oxidative injury in AML12 hepatocytes. H 2 O 2 is a major mediator of APAP-induced oxidative stress [22] , and previous studies showed that 1 mM H 2 O 2 induces hepatocyte necrosis in vitro [24, 25] . To determine the effect of WA on H 2 O 2 -mediated cell death, we performed MTT assay in hepatocytes incubated for 6 h with 1 mM H 2 O 2 , and assessed LDH release in their media, in the presence and absence of WA (0.01-1.0 μM). Methanol, the solvent for WA, was added to all samples. As shown in Figure 5A -B, treatment with WA enhanced cell survival and significantly reduced H 2 O 2 -induced LDH release; incubation with WA alone had no effect (not shown). Since lower doses of WA appeared to render most hepatocyte protection, subsequent experiments were performed using 0.01 and 0.05 μM WA.
To determine the effect of WA on oxidative stress in H 2 O 2 -treated AML12 hepatocytes, we used confocal microscopy to assess the oxidation of CellROX green reagent by ROS to generate fluorescence. Treatment with 1 mM H 2 O 2 for 2 h increased green fluorescence in AML12 hepatocytes, which was reduced in cells co-incubated with 0.01 and 0.05 μM WA (Fig. 5C ). Change in fluorescence was quantified as described previously [20] . Incubation with vehicle + H 2 O 2 for 2 h increased fluorescence 2.33-fold when compared to vehicle alone (P < 0.01). Co-treatment with 0.01 and 0.05 μM WA reduced fluorescence to 1.16-and 1.37-fold respectively (P <0.05 for both when compared to H 2 O 2 + vehicle-treated cells). Treatment with 0.01 and 0.05 μM WA alone had no effect (1.09-and 1.08-fold change when compared to vehicle).
WA prevents H 2 O 2 -mediated GSH depletion in vitro
We assessed the effect of WA on oxidative stress-mediated GSH depletion in AML12 hepatocytes. Cells incubated with 1 mM H 2 O 2 were treated with vehicle (methanol) or WA (all samples contained methanol, the vehicle for WA). GSH content was measured in cytosolic and mitochondrial fractions at 30, 60 and 120 min (Fig. 6A-B) . At 30 min, GSH was significantly reduced in cells incubated with H 2 O 2 but co-treatment with WA had no effect on cytoplasmic or mitochondrial GSH content. By 60 min, WA (0.05 μM) prevented decline of GSH levels only in cytoplasm (P = 0.054). However, by 120 min, WA (0.01-0.05 μM) prevented GSH decline in both cytoplasmic and mitochondrial fractions.
Further, we assessed the effect of GCLC inhibition on WA-mediated hepatocyte protection.
We assessed the effect of WA on 1 mM H 2 O 2 -mediated LDH release from AML12 hepatocytes pre-treated with or without 100 μM BSO (a GCLC inhibitor). WA-mediated cytoprotection was lost in hepatocytes pre-incubated for 18 h with BSO; LDH release from these cells was similar to that from cells treated with 1 mM H 2 O 2 alone (Fig. 6C) . These findings indicate a key role for GSH in WA-mediated hepatocyte protection. Collectively, these in vitro data are consistent with our in vivo findings, and support therapeutic potential for WA in modulating anti-oxidant responses.
Discussion
In US, AILI is the major cause of drug-induced liver injury (DILI) that requires liver transplantation. APAP overdose leads to oxidative stress that overwhelms hepatocyte defenses and activates necrosis signaling cascade [26] . Currently, NAC is the only FDAapproved antidote, which is most effective when administered within 8-10 h after APAP overdose. Since AILI is associated with depletion of hepatocyte GSH, NAC provides the necessary cysteine to promote GSH generation and replete GSH stores [27] . The goal of this study was to determine if therapies targeted at augmenting ARE signaling pathways and deactivating necrosis signaling have a role in treatment of AILI. WA induces apoptosis in cancer cells and potentiates the effects of other chemotherapeutic agents by activating tumor suppressor proteins and inducing oxidative stress [28] [29] [30] [31] [32] [33] . On the other hand, WA also has anti-oxidant activity [10, [13] [14] [15] [34] [35] [36] . In this study, we tested the hypothesis that antioxidant effects of WA will reduce oxidative stress-induced liver injury. Our results indicate that WA reduces AILI by augmenting ARE target genes induction and reducing necrosis signaling.
To mimic a scenario of patients seeking care after APAP overdose, we employed an experimental strategy where mice were administered WA 1 h after APAP overdose. This strategy tested the therapeutic potential of WA after the initiation of APAP-induced oxidative stress and necrosis signaling.
Previous studies showed that in osteosarcoma cells, WA interacts with Nrf2 [9] . Nrf2 knockout mice are highly susceptible to APAP hepatotoxicity [37] . We showed previously that in response to APAP-induced oxidative stress, Nrf2 transcription is upregulated in hepatocytes, and augmented anti-oxidant response correlates with Nrf2 up-regulation [20] . In this study we observed that treatment with WA enhanced hepatic transcription of Nrf2-responsive genes Gclc and Nqo1, indicating that after APAP overdose, WA potentiates antioxidant response.
In APAP-induced necrosis signaling, JNK activation follows GSH depletion and JNK inhibition can reduce AILI despite GSH depletion [22] . Our findings indicate that WAtreated mice had reduced JNK activation and peroxynitrite generation. These events were associated with reduced GSH depletion and increased Gclc upregulation. In liver, GSH is synthesized predominantly in hepatocytes, utilizing amino acids glutamate, glycine and cysteine. NAC that replenishes GSH stores by providing the necessary cysteine to increase GSH synthesis is most effective when used early after APAP overdose. GSH not only quenches NAPQI but other reactive species such as peroxynitrite. Compared to NAC, WA neither has cysteine nor glycine and glutamate or sulfhydryl groups amenable to oxidation. Since WA is unlikely to be GSH precursor, we speculate that WA-mediated reduction of peroxynitrite generation is likely due to reduced JNK activation [6] , which in turn is due to reduced GSH depletion secondary to Gclc upregulation.
In addition to GSH depletion, another early event that enhances APAP-induced hepatocyte necrosis is mitochondrial Bax translocation, which contributes to release of endonuclease G and AIF that induce hepatocyte DNA fragmentation and necrosis [38] . Our data show that WA-treatment reduces APAP-induced mitochondrial Bax translocation. JNK inhibition has been shown to reduce APAP-mediated mitochondrial translocation of Bax [39] . However, Bax deficiency in mice had no effect on APAP-induced peroxynitrite generation, an event downstream of JNK activation. Therefore, we hypothesize that APAP-induced JNK activation and mitochondrial Bax translocation are independent of each other, and WA treatment reduces both these events, thereby attenuating peroxynitrite generation and mitochondrial toxicity.
Our previous studies showed that after APAP (200 mg/kg) overdose in mice, liver injury peaks by 16 h and resolves by 24 h [20] . Therefore, in this study we assessed the effect of WA on APAP-induced hepatotoxicity at 4 and 16 h. At 16 h, compared to vehicle-treated mice, WA-treated mice had reduced hepatocyte necrosis and expression of injury cytokines however, the serum ALT levels were similar. We currently do not understand the reasons underlying this inconsistency, though other yet unidentified factors may affect the timing of APAP-induced ALT release [40] . Since, we employed only single dose of WA to determine the effect on AILI, we speculate that by 16 h, WA effects were waning. However, increased hepatic expression of Gclc and Nqo1, elevated GSH levels and reduced expression of cytokines indicate that treatment with WA exerted hepatoprotective even in later phases of AILI. Future studies to determine dose-and frequency-dependent effects of WA on APAP hepatotoxicity will enhance our understanding of mechanisms underlying hepatoprotective effects of WA.
AILI is associated with increased expression of inflammatory cytokines; however, the role of specific cytokines and the immune response in modulating hepatocyte injury is not well understood. We observed that livers from WA-treated mice had reduced APAP-induced upregulation of injury cytokines. WA has been shown to reduce LPS-mediated activation of RAW macrophages [35] . Macrophages appear to have a protective role in APAP hepatotoxicity. Based on changes in GSH and Gclc, we believe that reduced expression of inflammatory cytokines in livers of WA-treated mice is a consequence and not the cause of reduced injury.
Our in vivo findings were confirmed using in vitro model of H 2 O 2 -induced necrosis in AML12 hepatocytes, the non-transformed hepatocytes derived from a mouse transgenic for human TGF-α [24, 25] . APAP hepatotoxicity is dependent on Cyp2e1 activity, the key enzyme required to metabolize APAP into toxic metabolites. Cyp2e1 is expressed at markedly low levels in AML12 cells [20] . Therefore, we used H 2 O 2 , a major mediator of APAP-induced liver injury instead of APAP, to assess the effects of WA [22] . Treatment of AML12 hepatocytes with WA reduced H 2 O 2 -induced oxidative stress and necrosis, which were associated with reduced GSH depletion ( Fig. 5-6 ). The effect of WA on H 2 O 2 -induced LDH release was lost in hepatocytes pre-treated with BSO, a GCLC inhibitor (Fig. 6C ).
Based on these findings, we propose that WA reduces oxidative stress by regulating Gclc function.
Metabolism of APAP to its reactive metabolite by Cyp2e1, subsequent APAP-protein binding, and initiation of necrosis signaling are critical to induction of AILI [41] .
Interference with these early events affect the severity of hepatotoxicity, especially when a compound or its vehicle is administered simultaneously with, or before APAP [41] . For example, resveratrol, α dietary polyphenol, when administered prior to induction of APAPhepatotoxicity, reduces injury by suppressing Cyp2e1, and when administered after induction of APAP-hepatotoxicity, reduces injury by preventing protein nitration and release of endonucleases [41, 42] . In mice, we administered WA 1 h after APAP to avoid interfering with APAP's metabolism to its reactive metabolite and the resulting protein binding [19] . Further, assessment of WA in AML12 cells in vitro confirmed that its anti-oxidant effects are exclusive of interference with early events, and due to enhanced GSH recovery.
In conclusion, we demonstrated that a therapeutic strategy aimed at enhancing anti-oxidant response which is inherent to cellular defense machinery, is able to reduce AILI in vivo. In future, combination therapies employing GSH substrates such as NAC plus activator of ARE pathway may be used to reduce the burden of APAP hepatotoxicity, non-APAP DILI, and the need for liver transplantation. Hence, further investigation is warranted into the role of WA-like agents in modulating AILI. Effect of WA on early APAP-induced hepatocyte injury. (A) Study design: After overnight fasting, age-matched male mice (n=20) received an overdose of APAP intraperitoneally. An hour later, mice received WA (n=10) or vehicle (n=10), and euthanized at 4 h and 16 h (n=5 in WA-treated and vehicle-treated group); their livers were harvested and serum collected. Five mice that received neither APAP nor WA or vehicle were also euthanized (no treatment controls). (B) Representative photomicrographs (100x) of H&E-stained liver sections from mice euthanized at 4 h are shown. Hepatocytes undergoing necrosis were identified using the following criteria: increased eosinophilia, cell swelling and lysis, loss of architecture, karyolysis and karyorrhexis [43] . Summary data show that after APAP overdose, compared to vehicle-treated mice WA-treated mice had reduced serum ALT (C), hepatocyte necrosis (D), and intrahepatic hemorrhage (E) (n = 5 mice/group). Results are shown as mean ± S.E.M. * P < 0.05, ** P < 0.01, *** P<0.001 when compared among APAP-treated groups.
Vehicle (Veh). Effect of WA on late APAP-induced hepatocyte injury. (A) Representative photomicrographs (100x) of H&E-stained sections of livers harvested 16 h after APAP injection. Hepatocytes undergoing necrosis were identified as described previously [43] . (B) Summary data. APAPtreated mice that received WA compared to vehicle, had reduced hepatocyte necrosis (n = 5 mice/group). Effect of WA treatment on expression of inflammatory cytokines and cytoprotective genes was assessed by real-time PCR. APAP-mediated upregulation of hepatic (C) Il-6, (D) Tnf-α, and (E) Il-1β was significantly reduced in WA-treated mice compared to those treated with vehicle (n = 4 mice/group). Compared to vehicle, treatment with WA increased the expression of (F) Gclc and (G) Nqo1 (n = 4 mice/group), which was associated with (H) elevated GSH levels and (I) reduced lipid peroxidation. Results are hepatocytes was determined using CellRox green reagent. 
